ABSTRACT
INTRODUCTION
Hypertension is one of the most common cardiovascular diseases [1] . Although it can be treated with a variety of drugs, there is ongoing and intensive research to develop drugs that reduce blood pressure (BP) more effectively.
A potential antihypertensive drug target that has received considerable interest over the years is neprilysin. This endopeptidase is responsible for the degradation of natriuretic peptides (NPs), which are hormones with natriuretic and kaliuretic properties that are mainly secreted by the heart [2] . The NPs include atrial NP (ANP), brain/B-type NP (BNP), and C-type NP (CNP). Since NPs can increase natriuresis and diuresis, they can lower BP. They also directly regulate the reninangiotensin-aldosterone system (RAAS): they can reduce renin release, which in turn decreases the secretion of angiotensin II and aldosterone [3] . However, despite this direct effect of NPs on the RAAS, several studies have shown that when the RAAS is inhibited by targeting other RAAS-regulating mechanisms, concomitant neprilysin inhibition has a greater effect on BP than when either target is inhibited alone [4] [5] [6] . For example, although the neprilysin inhibitors ecadotril, racecadotril, and candoxatril fail to treat heart disease and hypertension effectively [7] [8] [9] , many clinical studies have shown that omapatrilat, which inhibits various proteases including neprilysin, angiotensin-converting enzyme (ACE), and aminopeptidase, effectively treats hypertension. Therefore, such combined therapy may be a potential way to treat hypertension.
Unfortunately, omapatrilat has a number of side effects, including an elevated risk of angioedema, which have restricted its application [10, 11] . Consequently, at present, a number of other drugs that can inhibit both neprilysin and the RAAS are under development or are being tested.
One of these is LCZ696, which is a novel angiotensin receptor-neprilysin inhibitor (ARNI). A clinical trial testing the efficacy of LCZ696 for hypertension found that this drug does not increase the risk of angioedema [12] . Many clinical trials have been carried out to test the effectiveness of LCZ696 for the treatment of hypertension, but only a few have been large-scale clinical trials. To determine the effectiveness and safety of LCZ696 for the clinical treatment of hypertension, we performed a meta-analysis of the previous clinical trials. Figure 1 shows the flow diagram (Figure 1 ) of the meta-analysis, which is required by the PRISMA Statement. In total, 321 papers that related to LCZ696 were found in PubMed, EMBASE, and the Cochrane database. Of these, nine related to the treatment of hypertension. Of those eight papers, two reported uncontrolled trials and in three the experimental group patients were treated with amlodipine as well as LCZ696. Only four RCTs in the remaining four papers met all of the eligibility criteria [12, 14, 15, 18] . In addition, 50 registered trials that related to LCZ696 were found in the ClinicalTrials.gov website. Of these, 19 related to the treatment of hypertension. Of those 19 papers, two were not controlled trials and Figure 1 : The number of studies that were screened, assessed for eligibility, and included in the meta-analysis. www.impactjournals.com/oncotarget in five the experimental group patients were treated with amlodipine as well as LCZ696. Moreover, two lacked sufficient records and one was withdrawn. The remaining nine trials were RCTs that conformed to the inclusion criteria. The data of four of these nine RCTs (NCT00549770, NCT01193101, NCT01281306 and NCT01692301) were published in the four articles that were selected for meta-analysis after searching the medical databases, as described above [12, 14, 15, 18] . Thus, a total of nine RCTs were selected for this meta-analysis. These RCTs included 5130 patients, of whom 3173 were in the LCZ696 group, 1634 in the olmesartan group, and 323 in the placebo group. The general characteristics of the patients in these RCTs are shown in Table 1 .
RESULTS

Characteristics of the selected studies
Risk of bias
The quality of this study was assessed by using the Cochrane Collaboration bias risk tools ( Figure 2 ). All nine RCTs were randomized controlled double-blinded clinical trials. The funnel plot indicates symmetry, which indicates that there is little publication bias ( Figure 3A , 3B). Moreover, the outcome of Eegger's test also supports this conclusion (LCZ696 vs. olmesartan, p=0.39; LCZ696 vs. placebo, p=0.15) ( Figure 3C, 3D ). Figure 5A ).
Indicators of LCZ696 effectiveness
maDBP
Eight RCTs reported maDBP. Five RCTs compared the effectiveness of 200 mg LCZ696 with that of 20mg olmesartan. These trials showed that LCZ696 is better than olmesartan in terms of reducing maDBP (200 mg LCZ696 vs. 20 mg olmesartan, WMD=-1.74, 95% CI: -2.46, -1.02; p<0.01). Two RCTs compared the effectiveness of 400 mg LCZ696 with that of 20 mg olmesartan. These studies showed that LCZ696 was better than olmesartan in terms of reducing maDBP (400 mg LCZ696 vs. 20 mg olmesartan, WMD=-2.69, 95% CI: -3.06, -2.32; p<0.01). Two RCTs compared the effectiveness of 200 mg LCZ696 with that of placebo. These trials showed that LCZ696 is better than olmesartan in terms of reducing maDBP (200 mg LCZ696 vs. placebo, WMD=-7.53, 95% CI: -11.61, Figure 7A ). LCZ696 with that of 20 mg olmesartan. The result showed that there was no significant difference between 400 mg LCZ696 and 20 mg olmesartan in terms of reducing SAEs (400 mg LCZ696 vs. 20 mg olmesartan, RR=0.61, 95% CI: 0.14, 2.59; p=0.51). Two RCTs compared the safety of 400 mg LCZ696 with that of placebo. The result showed that there was no significant difference between 400 mg LCZ696 and placebo in terms of reducing SAEs (400 mg LCZ696 vs. placebo, RR=1.93, 95% CI: 0.20, 18.42; p=0.57). (Figure 7B ).
SAEs
DISCUSSION
Water retention due to high sodium levels and particularly the activation of the RAAS are considered to be the main reasons for hypertension. When RAAS is activated, angiotensin II binds to angiotensin II receptor type 1, which promotes vascular smooth muscle contraction, increases aldosterone synthesis and secretion, and increases arterial smooth muscle cell growth and proliferation. This ultimately increases BP. ARBs inhibit the binding of angiotensin II to angiotensin II receptor type 1, thereby inhibiting the activation of RAAS. This in turn suppresses vascular smooth muscle contraction and aldosterone secretion. This reduces vascular peripheral resistance, thereby lowering BP [19] .
NPs are a family of hormones that maintain the sodium-water balance. Nishikimi et al. [20] showed that intravenous infusion of NPs in mice reduces the secretion of renin by renal glomerular cells. This reduces the formation of plasma angiotensin II and aldosterone, and thereby indirectly promotes vascular smooth muscle relaxation. Since NPs are degraded by the zinccontaining metallopeptidase neprilysin [21] , inhibiting the activity of neprilysin may be a novel way to treat hypertension.
LCZ696 is a novel dual-acting ARNI that consists of a 1:1 mixture of the valsartan and sacubitril, which is the pro-drug of the active neprilysin inhibitor LBQ657. After administration, valtarsan is released and sacubitril is rapidly hydrolyzed by specific esterases into LBQ657 [22, 23] . Valsartan, being an ARB, blocks RAAS activation, thereby eventually decreasing BP. By contrast, LBQ657 blocks the NP-degrading activity of neprilysin, thereby elevating NP levels and restoring the ideal sodium-water balance. This eventually contributes to the control of BP [24] . The present meta-analysis showed that compared with both placebo and 20 mg olmesartan, LCZ696 significantly reduced msSBP, maSBP, msDBP, and maDBP. The fact that LCZ696 reduced BP compared with placebo indicates that LCZ696 can lower BP effectively. The fact that LCZ696 was more effective in reducing BP than 20 mg olmesartan indicates that either LCZ696 is more effective than 20 mg olmesartan or the dosage of www.impactjournals.com/oncotarget The study NCT00549770 employing 100 mg LCZ696 vs. 80 mg olmesartan, 200 mg LCZ696 vs. 160 mg olmesartan, and 400 mg LCZ696 vs. 320 mg olmesartan showed that the effect of LCZ696 in decreasing msSBP, www.impactjournals.com/oncotarget maSBP, msDBP, and maDBP was better than that achieved by olmesartan. In the NCT01281306 study, the results showed that LCZ696 was better at decreasing msSBP, maSBP, msDBP, maDBP, msPP, and maPP than valsartan when the effectiveness of 400 mg LCZ696 and 320 mg valsartan were compared. At present, only a few studies have reported changes in the control groups with different drug dosages; thus, further large-scale clinical trials using different drug dosages in the control group are required.
This meta-analysis also showed that compared with placebo, 200 mg and 400 mg LCZ696 significantly reduced msPP and maPP. Compared with 20 mg olmesartan, 400 mg LCZ696 was more effective in decreasing msPP and maPP, while 200 mg LCZ696 only reduced msPP; however, this may have been a consequence of the small sample size. The fact that LCZ696 reduced PP relative to placebo indicates that LCZ696 has the ability to reduce PP. The ability of LCZ696 to reduce PP reflects the fact that it reduces SBP better than DBP. LCZ696 outperforms 20 mg olmesartan in reducing PP, which may be caused by either its ability to reduce BP or LCZ696 dosage. Since PP is an independent predictor of cardiovascular events (myocardial infarction, congestive heart failure, and cardiovascular death) in hypertensive patients and normal people [25, 26] , the finding that LCZ696 reduces PP better than 20 mg olmesartan suggests that this drug may provide hypertensive patients with greater protection from cardio-cerebrovascular diseases (e.g., stroke and diastolic heart failure [27, 28] ) than 20 mg olmesartan. Only a few clinical trials have compared the effectiveness LCZ696 with that of other dosages of olmesartan in reducing pulse pressure (PP), so large scale clinical studies are required to address this issue.
To summarize, LCZ696 was more effective in reducing blood pressure than placebo. Compared with 20 mg olmesartan, LCZ696 was more effective in reducing BP, indicating that LCZ696 is a promising agent; however, we cannot confirm that LCZ696 was more effective in reducing BP than other dosages of olmesartan.
Many clinical trials have reported that omapatrilat, which inhibits various proteases including neprilysin and angiotensin-converting enzyme (ACE), may increase the risk of angioedema when it is used to treat hypertension [10, 11] . By contrast, our meta-analysis of the nine eligible RCTs indicated that LCZ696 does not seem to increase the risk of angioedema when it is used to treat hypertension. This difference may reflect the fact that while LCZ696 consists of a neprilysin inhibitor and an ARB, omapatrilat simultaneously inhibits neprilysin and ACE [29] . Both neprilysin and ACE participate in the degradation of bradykinins [30, 31] . Thus, it may be that when neprilysin and ACE are inhibited at the same time, bradykinins accumulate, which in turn results in cough and angioedema [32] . Since LCZ696 contains an ARB rather than an angiotensin converting enzyme inhibitor (ACEI), ARB has no effect on bradykinin accumulation, thus reducing the risk of angioedema. However, since LCZ696 inhibits neprilysin, the risk of angioedema still theoretically exists. One RCT reported that peripheral edema occurred in a LCZ696 group [15] . Although there was no significant difference between the LCZ696 group and the olmesartan group (p=0.18), attention should be given to the risk of angioedema and peripheral edema.
Future studies on the safety of LCZ696 for treating hypertension should assess the risk of angioedema and peripheral edema.
LCZ696 is a novel angiotensin receptor-neprilysin inhibitor, and was better at reducing blood pressure than olmesartan at a dose of 20mg or placebo. In addition, unlike omapatrilat, an angiotensin converting enzymeneprilysin inhibitor, the administration of LCZ696 would not increase the risk of angioedema. So, we think LCZ696 as a promissing novel agent in treating hypertension.
A study of the effectiveness of LCZ696 in treating hypertension [33] showed that LCZ696 combined with amlodipine outperformed amlodipine alone in terms of reducing BP. Moreover, there was no significant difference between the two therapy strategies in terms of adverse events. However, this study did not assess whether LCZ696 combined with amlodipine outperforms LCZ696 alone in terms of reducing BP. Future studies on this issue are still wanted, especially since it has been shown that combining LCZ696 with HCTZ, amlodipine, or carvedilol is safe [34] .
Two recent large clinical trials, namely, PARADIGM-HF [35] and PARAMOUNT [36] , tested whether LCZ696 is useful for treating heart failure. These trials showed that compared with enalapril or valsartan, LCZ696 provides significantly greater benefits for heart failure patients. However, a number of unresolved questions remain. First, can taking LCZ696 as soon as hypertension emerges postpone the onset of heart failure? Second, does long-term treatment with LCZ696 weaken its performance in heart failure?
There is an article meta-analysis which included 6 randomized controlled trials (RCTs) on treating heart failure and hypertension with LCZ696, and evaluated the safety of LCZ696. But it does not distinguish patients with hypertension or heart failure, nor distinguish LCZ696 dose in the experimental groups. In order to illustrate the curative effect and safety of LCZ696 in the treatment of hypertension more accurately, we have just selected the RCTs on the treatment of patients with hypertension. This paper divides the RCTs into four subgroups according to the LCZ696 dosage the drug types of control group (placebo or 20mg olmesartan). And this article adds the latest RCTs and increases the sample size.
In the study by Zhao et al. [37] , two drugs, including valsartan and olmesartan were used in ARB group, and the dose of olmesartan varied at 80mg, 160mg and 320mg in NCT00549770. The category and dose of drugs is likely to affect the effectiveness of reducing blood pressure. In this meta-analysis, olmesartan was only administered at a dose of 20mg, which can more objectively reflect the effectiveness of LCZ696 and olmesartan in reducing blood pressure. In this meta-analysis, the effectiveness and safety of LCZ696 and placebo in reducing blood pressure were compared, which contributes to the evaluation of the effectiveness and safety of LCZ696 in directly reducing blood pressure. Two RCTs, NCT01870739 and NCT01193101 enrolled in this paper, were not included in the study of Zhao et al.
Limitations of this meta-analysis
This study also has some limitations. First, only nine RCTs were eligible for analysis. Second, most of the RCTs had a short follow-up duration, so studies with longer follow-up durations are needed. Third, some unpublished data from the website clinicaltrials.gov were included in this analysis.
Several questions require further investigation. First, compared with other anti-hypertensive agents, is LCZ696 better at preventing heart failure? Second, is the prognosis of long-term use of LCZ696 in terms of cardiovascular outcomes better than the prognosis of its short-term use? Additional clinical trials with long follow-up durations and large sample sizes are needed to address these issues.
MATERIALS AND METHODS
Search strategy
PubMed, EMBASE, EBSCO, the Cochrane database, and ClinicalTrials.gov were searched for relevant English language articles on clinical trials by using the search terms "LCZ696", "LCZ-696", "entresto", "sacubitril-valsartan", "sacubitril", "endopeptidase", "neutral endopeptidase", and "neprilysin". The last search date was July 20th, 2017.
Selection criteria
The inclusion criteria were: ① the experimental subjects were diagnosed with hypertension; ② the clinical trial was a randomized controlled trial (RCT); ③ LCZ was given as a monotherapy for the duration of followup; ④ placebo or 20 mg olmesartan was used to treat the hypertensive patients in the control group; ⑤ the change in patient BP was recorded; and ⑥ the language of the paper was English.
The exclusion criteria were: ① the trial was not controlled or randomized; ② the hypertensive patients in the experimental group were treated with not only LCZ696 but also other antihypertensive drugs; and ③ the article with the same content was published repeatedly.
Methodology and quality assessment
Two reviewers (Liwen Ye and Jian Wang) independently assessed the RCTs that met the eligibility criteria by using the Cochrane Collaboration bias risk tool. This tool examines whether the RCT involved proper random sequence generation, concealment of subject group allocation, blinding during outcome assessment, and complete recording and reporting of outcome data, and lacked other experimental biases [13] . This meta-analysis was reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement. Consequently, a flow diagram and the 27-item PRISMA checklist are included in this paper.
Data extraction and management
All RCTs that met the eligibility criteria were included in this meta-analysis. Two researchers (Liwen Ye and Xixi Yang) extracted the data regarding patient characteristics and endpoints. To assess the ability of LCZ696 to control hypertension, the RCTs were divided into four groups depending on the dosage of LCZ696 and whether the control group received 20 mg olmesartan or placebo.
Various primary and secondary endpoints were used in the RCTs to assess the efficacy of LCZ696 for treating hypertension. The primary endpoints included changes relative to baseline in (Ⅰ) mean sitting systolic blood pressure (msSBP), (Ⅱ) mean ambulatory systolic blood pressure (maSBP), (Ⅲ) mean sitting diastolic blood pressure (msDBP), (Ⅳ) mean ambulatory diastolic blood pressure (maDBP), (Ⅴ) mean sitting pulse pressure (msPP), and (Ⅵ) mean ambulatory pulse pressure (maPP). These primary endpoint data were extracted in the form of mean±standard deviation (SD). In terms of mean ambulatory BP, the mean 24 hours ambulatory BP was selected, rather than mean daytime or nighttime ambulatory BP. (Ⅶ) The safety of LCZ696 involved was assessed on the basis of the adverse events (AEs), and (Ⅷ) serious adverse events (SAEs), defined as death, arrhythmia, myocardial infarction, edema, malignancy, crebral infarction, subarachnoid haemorrhage and dyspnea.
Four RCTs tested LCZ696 at different doses (NCT00549770, NCT01193101, NCT01599104, and NCT01785472). Therefore, the experimental group was divided into different groups according to the dose of LCZ696. Three of the RCTs (NCT00549770, NCT01193101, NCT01281306 and NCT01692301) did not report the SD of the BP values in the published paper [12, 14, 15] . This information was extracted from ClinicalTrials.gov.
Statistical analysis
This meta-analysis was performed by using Review Manager 5.3 statistical software, which is provided by the Cochrane Collaboration. The respective efficacy statistics for continuous and dichotomous outcomes were weighted mean difference (WMD) and risk ratio (RR) with 95% confidence intervals (CI).
In this meta-analysis, the Breslow-Day χ 2 -test (p-value) and the I 2 statistic were used to test the heterogeneity of the RCTs. When p<0.1 and I 2 <25%, the RCT was classified as having low heterogeneity; when p<0.1 and 25%<I 2 <50%, the RCT was classified as having moderate heterogeneity; and when p>0.1 and I 2 >50%, the RCT was classified as having high heterogeneity [16] . When p<0.1 and I 2 <50%, fixed effects Mantel-Haenzel model was used to analyze the data, whereas the random effects DerSimonian and Laird model was used when p>0.1 and I 2 >50%. A funnel plot and Egger's test were used to assess publication bias [17] . 
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